We report on optical experiments performed on individual GaAs nanowires and the manipulation of their temporal emission characteristics using a surface acoustic wave. We find a pronounced, characteristic suppression of the emission intensity for the surface acoustic wave propagation aligned with the axis of the nanowire. Furthermore, we demonstrate that this quenching is dynamical as it shows a pronounced modulation as the local phase of the surface acoustic wave is tuned. These effects are strongly reduced for a SAW applied in the direction perpendicular to the axis of the nanowire due to their inherent one-dimensional geometry. We
resolve a fully dynamic modulation of the nanowire emission up to 678 MHz not limited by the physical properties of the nanowires.
Semiconductor nanowires (NWs) offer a particularly promising platform to combine both electrostatic 1 and optically active heterostructure quantum dots (QDs) 2 in an inherently scalable architecture for the implementation of electro-optical 3 spin-based quantum information schemes.
Furthermore, these types of nanostructures allow for confinement of both electronic and photonic degrees of freedom 4 providing a direct interconnect between localized spin and flying photonic qubits. To fully exploit the advantages of isolated electron spins in electrostatic QDs and their conversion into photons in a heterostructure QD on the same NW a non-invasive, fast bus is required. This bus could be implemented using spin-preserving acoustoelectric charge conveyance 5 mediated by high-frequency surface acoustic waves (SAWs). SAWs have a long-standing history as a versatile tool to dynamically control and manipulate embedded optically active nanosystems such as quantum wells, 6 quantum wires 7 and quantum dots 8 and columnar quantum posts 9 with frequencies ranging from tens of MHz up to several GHz. In these experiments acoustic charge conveyance of charges, spins and dissociated excitons, inherently sequential electron-hole injection and modulation of the emission wavelength of these planar semiconductor heterostructures have been observed. In contrast, reports on SAW control of isolated one-dimensional nanosystems such as nanotubes and NWs are so far limited to electric transport experiments 10 in which only one carrier species is probed.
Here we demonstrate dynamic control of the emission of single GaAs NWs employing high frequency SAWs. We find a pronounced directionality of this process as its efficiency is strongly enhanced for SAWs propagating along the NW axis. This observation is in excellent agreement with a dissociation process of photogenarated electron-hole pairs by the piezoelectric fields generated by the SAW. This process is inhibited for SAWs propagating perpendicular to the NW axis since their diameter is more than one order of magnitude smaller than the wavelength of the SAW. This is in strong contrast to embedded low-dimensional semiconductor nanostructures which are typically surrounded and coupled to systems of higher dimensionality (quantum wells and bulk). SEM images of the SAW-device and the two NWs studied. (c) Emission spectra of NW1 without (blue) and a 210 MHz SAW generated by P RF = 14 dBm (green) and 30 dBm (red) applied to IDT3 showing pronounced suppression with increased RF power.
The NWs studied were fabricated by molecular beam epitaxy (MBE) using an autocatalytic growth process on Si (111) substrates covered by an ultra-thin amorphous SiO x nucleation mask. 11
These NWs have typical lengths of l NW > 15 µm and diameters of d NW ∼ 50 − 120 nm with predominantly zinc blende crystal structure as confirmed by X-ray diffraction, transmission electron microscopy and Raman spectroscopy. 12 We prepared a hybrid SAW device to study individual NWs, a schematic and a scanning electron micrograph (SEM) of which is shown in Figure 1 (a) and (b), respectively. First, we realize a SAW chip by defining interdigital transducers (IDTs) labeled IDT1-IDT4 on a 128 • XY-cut LiNbO 3 substrate using electron beam lithography and a lift-of process. The periodicities chosen for IDT1/IDT2 and IDT3/IDT4 allow for the excitation of SAWs of wavelengths λ 1,2 = 17.5 µm and λ 3,4 = 5.5 µm, respectively. At low temperatures we determined the corresponding resonance frequencies to be f 1 = 210 MHz, f 2 = 222 MHz and f 3 = f 4 = 678 MHz, respectively. The two pairs are rotated by 90 • , and, thus on this type of substrate SAWs with a propagation directionk SAW can be excited along the two perpendicular crystal directions X (IDT1, IDT3) and 128 o off Y (IDT2, IDT4). These two propagation directions are in the following referred to as the down and left directions, respectively. In a second step we dispersed a low concentration of NWs which are randomly distributed and oriented on the SAW chip.
In the intersection region of the propagation paths of the two IDT pairs, we identify individual NWs using SEM. Here we report on experiments performed on two individual NWs labeled NW1 and NW2 in Figure 1 (b) . These two NWs have been selected due to the relative orientation of their axes (â NW ) with respect to the propagation directions of SAWs (k SAW ). SAWs generated along the up (left) direction are aligned (perpendicular) to the axis of NW1 while the situation is completely reversed for NW2 as shown in Figure 1 (b) . A detailed description on the MBE growth, the used growth parameters and details on the sample fabrication are summarized in the Supporting Information.
We study their emission using low temperature (T ∼5 K) micro-photoluminescence (µ-PL).
Electron-hole pairs were photogenerated using either a diode laser emitting τ laser < 100 ps long pulses (λ = 661 nm) or a continuous wave HeNe laser (λ = 632.8 nm) which we focused to a ∼ 3µm diameter spot using a 50× microscope objective. The NW emission was collected via the same objective and dispersed using a 0.5 m grating monochromator with an overall resolution < 0.15 meV. The signal was detected either time-integrated by a liquid N 2 cooled multi-channel Si-CCD camera or a single channel Si-single photon counting module. The latter provides a temporal resolution of < 300 ps and is used for time-correlated single photon counting (TCSPC). In all experiments we used 900 ns long SAW pulses with a repetition rate of 100 kHz which we either synchronized to the train of laser pulses ( f laser = 80 MHz) or used as a timing reference for TCSPC.
Moreover, we can lock time excitation laser pulses to a stable, arbitrary tunable phase of the SAW by setting f laser such that (n · f laser = f SAW , where n integer). 13 Both techniques enable us to obtain high temporal resolution to resolve dynamical processes over timescales defined by the SAW and resolve their full phase information. The Supporting Information accompanying this paper contains a detailed description of implementation these synchronization schemes.
Typical emission spectra of NW1 recorded under weak optical pump powers < 3 µW are presented in Figure 1 (c) without and with an 210 MHz SAW generated by IDT1 with P RF = +14 dBm and +30 dBm parallel to theâ NW . For no SAW applied we observe a strong PL signal from NW1 at λ = 818±4 nm. 1 As the P RF is increased to P RF = +14 dBm we observe a pronounced suppression of the NW emission which is almost completely quenched at P RF = +30 dBm. This characteristic quenching of the PL signal arises from a dissociation of photogenerated excitons by a Type-II band edge modulation along the SAW propagation direction as shown in Figure 1 (a). This effect has been previously observed for embedded semiconductor heterostructures. 6, 7, 9 In contrast to these structures, the NWs studied in the present work resemble isolated one-dimensional systems.
Thus, we expect any SAW-driven process to become highly directional depending on the relative orientation of the NW axis and the SAW propagation direction.
We investigated the SAW driven quenching of the NW emission in detail as a function of the SAW power, frequency and relative orientation ofk SAW with respect toâ NW . The results of these experiments performed on NW1 are presented in Figure 2 . We plot the detected PL spectra normalized to the unperturbed emission in false color representation as a function of the applied RF power for low (high) frequency SAWs in the upper and lower upper panels, respectively. The relative orientation isk SAW â NW andk SAW ⊥â NW in the left and right panels as indicated by the schematics.
In experiment we observe similar behavior of the NW emission for both SAW frequencies as we increase P RF . Fork SAW â NW we observe a rapid and very pronounced quenching of the PL signal setting in at P RF = +3 dBm and P RF = +17 dBm for the low and high SAW frequencies. This dependence is in excellent agreement with a more efficient exciton dissociation within the Type-II band edge modulation with increasing SAW amplitude i.e. RF power. The reduced efficiency for the higher frequency is mainly attributed to a reduced coupling efficiency of the applied RF power to SAWs compared to the lower frequency. In strong contrast to planar, embedded nanostructures, we find that for both SAW frequencies the onset of the PL suppression is shifted significantly to P RF = +8 dBm and P RF = +23 dBm fork SAW ⊥â NW compared to the parallel configuration. This experimentally observed, pronounced directionality of the emission suppression can be readily understood by taking into account the geometry of the inherently one-dimensional NWs. Clearly, the diameter of the NW is significantly smaller than the wavelength of the SAW d NW λ SAW whilst l NW > λ SAW . Since λ SAW defines the lengthscale on which carrier separation and exciton dissociation occur [c.f. Figure 1 (a) ], we expect the efficiency of this SAW-driven process to be significantly reduced (enhanced) for a SAW propagating perpendicular (parallel) to theâ NW which is nicely observed in our experimental data shown in Figure 2 . In addition we note that we do not resolve spectral shifts in our data, as observed e.g. for the narrow PL lines of QDs 8,9 at large SAW amplitudes, due to the relatively broad emission peak of our NWs. However, we have to exclude that the observed directionality does not arise from the anisotropic piezoelectric properties for SAW excitation in the down and left directions for the particular substrates used for our SAW device. As a first characterization we confirmed the comparable, efficient SAW generation both in the down and left directions by studying the diffraction efficiency of the SAW-induced amplitude grating. 14 To fully confirm that the observed directionality arises from a more efficient exciton dissociation fork SAW â NW compared tok SAW ⊥â NW we performed identical experiments as presented for NW1 in Figure 2 on NW2 which is rotated by ∼90 o with respect to NW1. Thus, we expect the quenching of the emission of NW2 to be more efficient for a left propagating SAW compared to a down propagating SAW. In Figure 3 we compare the integrated PL intensities detected from NW1 (a) and NW2 (b) as a function of P RF . The presented experimental data clearly confirms that the emission of NW2 is more efficiently quenched by a SAW propagating to the left i.e.k SAW â NW (left triangles) than by a SAW propagating downk SAW ⊥â NW (down triangles) for both SAW frequencies studied. This directionality is completely reversed compared to NW1 proving that the observed anisotropy indeed arises only from the relative orientation of a NW andk SAW .
Up to now we neglected that this process itself is dynamic on a timescale defined by the pe- riod of the SAW (T SAW ). In order to resolve this fast dynamic modulation of the NW emission we perform TCSPC spectroscopy on the emission of NW2. In this experiment we measure the temporal correlation between the detected NW emission excited by a cw laser and the SAW. For low RF power P RF < +10 dBm applied at f SAW = 222 MHz to IDT2 no modification of the total emission signal and, thus, no temporal correlations are observed. However, when we increase the RF power to P RF = +27 dBm, we find a clear modulation of the TCSPC signal as shown in the solid line in Figure 4 holes are generated in an effective potential that is a stable maximum of the VB whilst electrons are located at a unstable maximum in the CB. This situation is reversed at φ SAW = 180 o at which electrons are generated at a stable minimum in the CB and holes at a unstable minimum in the VB [ Figure 4 (d) ]. Due to their higher mobility electrons diffuse rapidly from the point of generation for φ SAW = 0 o . This effect leads to a strong reduction of the electron density φ SAW = 0 o as indicated in Figure 4 and consequently gives rise to the observed pronounced reduction of the PL emission. At φ SAW = 180 o electrons are captured at the stable minimum in the CB while at the same time hole diffusion is limited due to the higher effective mass and smaller mobility of this carrier species. Thus, the PL emission is only weakly suppressed at this local phase of the SAW corresponding to the maxima in the TCSPC signal. We note that similar observations have been reported for planar, fully embedded semiconductor heterostructures 7, 15 confirming our interpretation. This SAW-driven modulation requires that the PL decay time is significantly faster than T SAW /2. 13 This condition would not be met in mixed crystal phase (zinc blende/wurtzite)NWs for which PL decay times can exceed several nanosconds. 12 To further support this model we performed a control experiment in which we shifted the phase of the SAW by 180 o with respect to the rising edge of the pulse used a the reference in the TCSPC experiment and plot the detected modulated signal in Figure 4 (a). We find this histogram (gray shaded) offset by T SAW /2 with respect to the original trace (line) corresponding to the externally set shift of the local SAW phase.
In the time-integrated experiments presented in Figures 1-3 we averaged over all local phases (φ SAW ) of the SAW. By actively locking the f laser to the RF signal used to excited the SAW, we are able to perform phase resolved spectroscopy 13 and resolve the dynamics of the emission modulation. In Figure 5 we present normalized PL spectra as a function of (φ SAW ) plotted in false color representation. All spectra were recorded from NW1 and constant P RF = +27 dBm applied to the low frequency pair IDT1-IDT2 [c.f. Figure 5 directionality is again reflected in the reduced amplitudes of the oscillation fork SAW ⊥â NW (left triangles) compared tok SAW â NW (down triangles). Similar observations were also made for NW2 further confirming the directionality of the SAW-driven exciton dissociation in one-dimensional NWs. Table 1 : Relative dynamic suppression of emission η extracted from data in Figure 4 and Figure 5 . The experimentally measured modulations are well reproduced by least square fits of sine func-tions shown as lines in Figure 5 (c) and (f) which we use to quantify the efficiencies of this process for the two configuration. As a figure of merit we define the relative dynamic suppression of the modulation η = I max − I min I max + I min .
The obtained values of η fork SAW â NW (η ) andk SAW ⊥â NW (η ⊥ ) are summarized for all four IDTs in Table 1 . From the ratio η /η ⊥ we can quantify the efficiencies of the dynamic PL modulation for a constant RF power to 3.6 and 2.6 for the low and high frequency SAWs, respectively.
Remarkably, η is almost identical for both frequencies which can be readily explained by the fast PL decay for uncapped, zinc blende phase GaAs NWs of τ PL < 30 ps ∼ 0.02 · f by surface recombination 16 which is almost two orders of magnitude faster than the period of the SAW. Due to this fast decay the SAW represents a quasi-static perturbation and the observed modulation reveals the dependency of the SAW-driven exciton dissociation as a function of the local phase of the SAW. Moreover, a comparison of the length scale on which electrons and holes are separated (λ 3,4 /2 = 2.4 µm) and the diameter of the excitation laser focus (∼3 µm) we would be expect a more pronounced reduction of η when changing the SAW frequency by more than a factor of 3 from f 1 = 210 MHz to f 3 = 678 MHz. 13 The weak but finite modulation and η ⊥ observed for SAWs excited by IDT2 and IDT4 could arise from the non-perfect alignment of the NW as seen in the SEM image in Figure 1 (a). Furthermore we want to note that η measured on NW1
fork SAW â NW [c.f. Table 1 ] are in excellent agreement with η = 0.64 ± 0.13 extracted from the TCSPC data recorded from NW2 shown in Figure 4 (a) at the same RF power.
In summary we have demonstrated fully dynamic and directional, SAW controlled modulation of the optical emission of single GaAs NWs. The underlying separation of electrons and holes provides the foundation for elaborate schemes to transfer individual charges and spins in axial 2 and radial 17 nanostructures defined in this inherently scalable architecture. To achieve such deterministic charge conveyance losses due to surface recombination which is the dominant mechanism of unpassivated NWs, have to be overcome e.g. by using surface-passivated core-shell NW structures. 16 Moreover, a wide range of sophisticated architectures such as SAW-tunable crystal phase superlattices, 12 interdot couplings 18 and advanced memory devices 19 or acoustically triggered generation of single photons 20, 21 and polarization entangled photon pairs 22 can be realized.
